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1.  Introduction 


1.1  Joining  Polymer  Matrix  Composite  Materials 

The  use  of  polymer  matrix  composite  materials  and  other  materials  has  been  implemented  to 
lighten  the  forces  of  the  U.S.  Army.  One  challenge  to  using  these  materials  is  joining  composite 
structures  (1 ,  2).  The  standard  ways  of  joining  polymer  matrix  composites  are  by  using 
mechanical  fasteners  and  surface-bonding  techniques.  Incorporating  mechanical  fasteners  into 
the  composite  structure  usually  creates  weaknesses  in  the  material.  Because  of  this,  surface 
bonding  of  the  materials  is  preferred  (3).  One  surface-bonding  material  that  is  commonly  used  is 
an  elevated  temperature-cure  thennosetting  adhesive.  These  thennosetting  adhesives  typically 
require  temperatures  of  120-200  °C  for  5  to  120  min  to  completely  cure  ( 4 ).  Existing  techniques 
for  heating  the  bondlines  include  using  convection  ovens,  thennal  blankets,  and  radiant  heaters. 
Each  of  these  processes  heats  the  surface  of  the  adherend,  and  the  heat  is  conducted  to  the 
bondline.  This  presents  a  number  of  problems.  The  processing  time  is  lengthened  because  of  the 
time  it  takes  to  conduct  the  heat  through  the  adherend.  This  reduces  the  efficiency  of  the 
process.  Also,  thennal  losses  from  the  structure  and  insulating  composites  cause  surface 
temperatures  to  be  significantly  higher  than  bondline  curing  temperatures,  and  thus  the  control 
temperature  may  be  near  the  degradation  limits  of  the  composite.  Temperature  sensors  are  often 
needed  at  the  bondline  to  make  sure  it  is  heated  uniformly  and  to  the  correct  temperature.  This 
presents  additional  complications  to  the  field  level  repair  procedures.  The  use  of  induction¬ 
heating  methods  would  eliminate  some  traditional  complications  for  field  level  adhesive  repair  in 
composite  structures. 

1.2  Induction  Heating 

Induction  heating  occurs  when  a  susceptor  material  is  exposed  to  a  high-frequency 
electromagnetic  field.  A  susceptor  material  is  either  an  electrically  conductive  or  magnetic 
material  that  heats  up  when  exposed  to  an  electromagnetic  field.  If  the  material  is  conductive, 
then  eddy  currents  are  induced  by  the  electromagnetic  field,  and  resistive  effects  generate  heat. 

If  the  material  is  magnetic,  then  hysteresis  heating  occurs  from  losses  in  the  magnetization- 
demagnetization  cycles  (5). 

Using  induction  heating  has  advantages  that  conventional  adhesive-curing  techniques  do  not 
have.  The  adhesive  can  be  cured  without  direct  contact  with  the  bondline.  This  eliminates  the 
problem  of  lengthened  process  time  and  of  possible  degradation  because  the  electromagnetic 
field  can  penetrate  through  the  adherend,  heating  the  bondline  but  not  the  adherend.  This  can  be 
achieved  by  using  a  susceptor-doped  adhesive.  Using  magnetic  susceptors  is  more  advantageous 
than  conducting  susceptors.  This  is  because  of  the  temperature  control  that  the  magnetic 
susceptor  materials  provide.  Conducting-susceptor  materials  heat  through  the  resistive  effects  of 
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eddy  currents.  The  problem  is  that  eddy  currents  keep  producing  heat  energy  as  long  as  the 
susceptor  material  is  exposed  to  the  electromagnetic  field  and  the  susceptor  does  not  decompose. 
Using  these  types  of  materials  would  require  the  addition  of  temperature  feedback  loops, 
embedded  sensors,  or  another  temperature  regulation  mechanism.  Magnetic  susceptor  materials, 
however,  possess  a  unique  temperature  regulation  capability  as  a  result  of  the  Curie  phenomenon 
(i 6 ).  These  susceptors  have  a  Curie  temperature,  a  temperature  above  which  the  material  loses  its 
magnetism.  Once  the  magnetism  is  lost,  the  material  is  no  longer  affected  by  the 
electromagnetic  field,  and,  therefore,  the  material  cannot  heat  beyond  this  limit.  Consequently, 
the  susceptor  is  self-regulating.  Magnetic  susceptor  materials  can  be  fabricated  with  Curie 
temperatures  that  match  a  desired  processing  temperature  for  a  given  adhesive.  Thus  the 
susceptor  imparts  a  self-regulated  temperature  limit  to  the  adhesive  when  inserted  into  an 
electromagnetic  field  and  eliminates  the  need  for  any  temperature  sensing  and  feedback. 

The  purpose  of  this  experiment  is  to  synthesize  variants  of  the  well-known  Curie-limited 
susceptors  based  upon  Co(2-2x)Zn2XBa2Fei2022  using  a  solution-gelation-processing  approach.  In 
subsequent  studies,  the  prepared  particles  will  be  blended  with  various  adhesives  to  demonstrate 
the  value  of  self-regulated  curing  for  adhesive  repair.  Zn2Ba2Fei2022  (Zn2Y)  was  the  focus  of 
this  report  and  has  a  Curie  temperature  of -130  °C. 


2.  Experimental 


2.1  Synthesis 

The  procedure  for  synthesizing  the  Zn2Y  susceptor  is  achieved  using  solution  and  gelation 
chemistry.  Since  iron  hydroxide  is  hydroscopic  and  difficult  to  maintain  in  hydrated  form  (and 
extremely  caustic),  a  reproducible  concentration  of  Fe3+  is  established  by  dissolving 
FeCl3*6H20  in  distilled  water.  Fe(OH)3  is  precipitated  from  the  solution  by  changing  the  pH  to 
14  with  the  addition  of  ammonium  hydroxide. 

Fe3+  +  3  Cl'  +  3  NH4OH  ^  Fe(OH)3  +  3  NH4+  +  3  CF  .  ( 1 ) 

The  solid  Fe(OH)3  was  filtered  from  the  basic  solution  via  vacuum  filtration.  The  still-wet 
Fe(OH)3  was  added  to  a  previously  established  acidic  solution  of  barium  and  zinc  ions,  created 
using  ZnO  and  BaC03,  both  of  which  are  water-soluble. 

Fe(OH)3  +  Zn2+  +  Ba2+  -»  Fe3+  +  Zn2+  +  Ba2+  +  3  OH\  (2) 

The  ionic  mixture  is  stirred  on  low  heat  for  30  min,  and  then  further  mixed  at  ambient 
temperature  over  night  (6-12  hr).  Ethylene  glycol  is  then  added  to  the  ionic  cocktail  and  lightly 
heated  for  2-3  hr.  The  heat  is  then  raised  in  order  to  evaporate  the  water  and  is  continued  until  a 


2 


black  tar  remains  in  the  beaker.  The  recovered  product  is  then  transferred  into  a  ceramic  tray  and 
baked  at  600  °C  for  5  hr.  The  powder  is  then  ground  using  a  mortar  with  pestle  before 
continuing  the  sintering  process  by  heating  at  1125  °C  for  5  hr. 

12  Fe3+  +  2  Zn2+  +  2  Ba2+  +  HEAT  Zn2Ba2Fei2022.  (3) 

The  completed  synthesis  is  represented  from  starting  materials  as 

12  Fe(OH)3  +  2  ZnO  +  2  BaC03  -»  Zn2Ba2Fei2022  +  2  C02  +  18  H20.  (4) 

Table  1  is  a  summary  of  batch  synthesis  and  variables  changed  in  subsequent  synthesis  attempts. 
Sample  identification  (A-E)  is  established  through  this  table  to  indicate  variation  in  properties 
throughout  this  report. 


Table  1.  Summary  of  batch  variations  during  synthesis  of  Zn2Y. 


Sample 

Variations  on  Standard  Preparatory  Method 

A 

Grinding  in  mortar  with  pestle  after  heating  at  600  °C  and  1 125  °C. 

B 

Grinding  in  mortar  with  pestle  after  heating  at  600  °C. 

C 

Grinding  in  mortar  with  pestle  after  heating  at  1 125  °C. 

D 

Grinding  in  mortar  with  pestle  after  heating  at  1 125  °C. 

E 

No  grinding  at  all.  Prepared  using  BaC03  dried  in  oven  at  140  °C  for  5  days. 

Table  2  is  a  summary  of  the  stoichometric  measurements  used  in  producing  the  various  samples. 
Due  to  small  measurement  error,  properties  of  some  samples  may  be  traceable  to  initial  mixing 
conditions. 

Table  2.  Differences  in  initial  measurements  for  Zn2Y  samples. 


Chemical 

Theor. 

A 

B 

C 

D 

E 

Mass 

(g) 

Mass 

(g) 

Error 

(%) 

Mass 

(g) 

Error 

(%) 

Mass 

(g) 

Error 

(%) 

Mass 

(g) 

Error 

(%) 

Mass 

(g) 

Error 

(%) 

FeCl3*6H20 

11.36 

11.46 

-0.87 

11.97 

-5.35 

12.26 

-7.91 

12.11 

-6.59 

11.35 

0.05 

BaC03 

1.38 

1.35 

2.34 

1.40 

-1.28 

1.46 

-5.62 

1.38 

0.17 

1.38 

-0.04 

ZnO 

0.57 

0.57 

0.02 

0.58 

-1.73 

0.62 

-8.75 

0.61 

-6.99 

0.57 

-0.05 

2.2  Characterization 

When  characterizing  the  materials,  four  instruments  were  used.  The  Lake  Shore  Vibrating 
Sample  Magnetometer  Model  7300,  the  Siemens  X-Ray  Diffractometer  D5005,  the  Hitachi 
S-4700  scanning  electron  microscope,  and  the  ElectroScan  Model  2020  environmental  scanning 
electron  microscope  (ESEM). 
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2.2.1  Vibrating  Sample  Magnetometer 

The  vibrating  sample  magnetometer  (VSM)  measures  the  magnetization  properties  of  materials 
and,  hence,  will  measure  the  behavior  of  Zn2Y  as  an  induction  heating  susceptor.  To  measure 
the  magnetic  properties  of  a  given  material,  the  VSM  mechanically  vibrates  the  material  causing 
an  alternating  magnetic  field.  This  magnetic  field  induces  a  current  in  coils  on  either  side  of  the 
sample  chamber.  The  VSM  measures  the  induced  current  and  uses  it  and  the  vibration  frequency 
to  calculate  the  magnetic  properties  of  the  material.  The  VSM  characterized  the  magnetic 
response  as  a  function  of  temperature.  Ideally,  Zn2Y  maintains  constant  magnetization  until  the 
Curie  temperature,  130  °C,  where  it  instantaneously  drops  to  zero  magnetization.  Experimental 
samples  show  a  sharp  reduction  in  magnetization  around  the  Curie  temperature.  As  shown  in 
figure  1,  all  of  the  samples  show  behavior  characteristic  of  Zn2Y-type  materials.  However,  the 
optimization  of  these  materials  is  desirable.  Samples  C,  D  (figures  2  and  3),  and  E  behave 
closest  to  ideal.  Samples  A  and  B  (figures  4  and  5)  lose  magnetization  almost  linearly.  Samples 
C,  D,  and  E  were  not  ground  in  between  baking  at  600  °C  and  1 125  °C.  This  intermediate 
grinding  may  negatively  affect  the  magnetic  properties  of  the  susceptor. 
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Figure  2.  X-ray  spectrum  of  sample  C. 


Figure  3.  X-ray  spectrum  of  sample  D. 


2.2.2  X-ray 

X-ray  diffraction  uses  x-rays  to  penetrate  solid  materials.  The  scattered  incident  radiation  is 
collected  as  intensity  as  a  function  of  scattering  angle.  Using  Braggs  Law,  X  =  2d  sin0  where  X 
is  the  wavelength  of  the  x-rays,  d  is  the  distance  between  the  lattice  planes  in  the  material 
structure  and  0  is  the  angle  of  incidence  of  the  x-rays,  the  experimental  sample  can  be  converted 
into  a  diffraction  pattern  representative  of  the  crystal  structure  for  Zn2Y.  After  the  x-ray 
spectrum  is  obtained,  it  can  be  compared  to  those  stored  in  a  database  of  known  materials  and 
potentially  matched  according  to  its  crystal  structure.  When  characterizing  Zn2Y,  the  x-ray 
diffraction  was  used  as  a  time-efficient  tool  to  quickly  analyze  the  final  product.  The  x-ray 
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Figure  4.  X-ray  spectrum  of  sample  A. 


Figure  5.  X-ray  spectrum  of  sample  B. 

spectra  produced  for  the  Zn2Y  samples  are  characteristic  of  the  diffraction  pattern  for  this  type 
of  material.  The  peak  intensities  vary  slightly  between  the  samples,  but  the  peaks  are  all  in  the 
expected  positions  with  the  exception  of  one  peak  in  the  spectrum  for  sample  A.  There  is  a  peak 
at  20  =  44.55°  that  is  uncharacteristic  of  Zn2Y-type  material.  This  peak  matches  the  position 
and  intensity  of  a  silicon  oxide,  which  could  be  the  result  of  sample  stage  background  not  being 
subtracted. 

2.2.3  Environmental  Scanning  Electron  Microscope 

An  ESEM  uses  a  highly  focused  beam  of  electrons  to  scan  the  sample.  A  key  advantage  to  the 
ESEM  is  the  effective  conductivity  afforded  by  the  sample  and  the  conductive  water  and  helium 
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atmosphere.  Consequently,  even  nonconductive  materials  can  be  investigated  without  the  need 
for  metallic  coatings,  allowing  for  precise  evaluation  of  structural  features  at  high  magnifications. 
When  the  electron  beam  rasters  across  the  sample,  2-10  keV  electrons  induce  an  electronic 
cascade  of  secondary  electrons  from  the  sample  surface.  These  secondary  electrons  are  collected 
at  a  detector  to  produce  an  image  of  the  structures  in  the  sample  surface.  The  image  is 
determined  by  the  number  of  electrons  emitted  at  each  point  on  the  sample.  The  ESEM  images 
showed  that  Zn2Y  is  composed  of  platelets.  It  also  shows  that  the  platelets  are  on  average 
>10  pm.  This  size  is  too  large  for  practical  inclusion  into  adhesive  resins  in  the  as-formed  state, 
and,  therefore,  additional  post-synthetic  processing  is  necessary.  The  ESEM  image  for  sample  A 
is  shown  in  figure  6.  Additional  images  are  shown  in  figures  7-9.  Each  image  shows  platelet¬ 
shaped  particles  that  are  clustered  together. 
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Figure  6.  Image  of  sample  A  taken  with  electroscan 
model  2020  ESEM  at  lOOOx  magnification. 


Figure  7.  Image  of  sample  B  taken  with  electroscan 
model  2020  ESEM  at  lOOOx  magnification. 
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Figure  8.  Image  of  sample  C  taken  with  electroscan 
model  2020  ESEM  at  lOOOx  magnification. 


Figure  9.  Image  of  sample  E  taken  with  Hitachi  S-4700 
ESEM  at  900x  magnification. 


2.2.4  Energy  Dispersive  Auger  X-ray  Spectroscopy 

Energy  dispersive  x-ray  spectroscopy  (EDS)  is  a  chemical  microanalysis  technique  performed  in 
conjunction  with  an  ESEM.  The  technique  utilizes  x-rays  that  are  emitted  from  the  sample 
during  bombardment  by  the  electron  beam  to  characterize  the  elemental  composition  of  the 
analyzed  volume.  When  the  electron  beam  of  the  ESEM  bombards  the  sample,  electrons  are 
ejected  from  the  atoms  comprising  the  sample’s  surface.  An  electron  from  a  higher  shell  fills  a 
resulting  electron  vacancy,  and  an  x-ray  is  emitted  to  balance  the  energy  difference  between  the 
two  electrons.  The  EDS  x-ray  detector  measures  the  number  of  emitted  x-rays  vs.  their  energy. 


The  energy  of  the  x-ray  is  characteristic  of  the  element  from  which  the  x-ray  was  emitted.  A 
spectrum  of  the  energy  vs.  relative  counts  of  the  detected  x-rays  is  obtained  and  evaluated  for 
qualitative  and  quantitative  determinations  of  the  elements  present  in  the  sampled  volume. 


The  resulting  plots  in  figures  10-12  show  that  the  ion  concentrations  of  the  elements  in  the 
samples  are  not  as  expected.  This  could  be  the  result  of  poor  initial  mixing  or  loss  of  materials  in 
the  processing.  Further,  the  uniformity  of  particle  distribution  may  be  of  concern.  Further 
investigation  is  required  to  understand  these  results.  However,  since  the  material  shows  such 
sensitivity  to  processing,  the  likelihood  of  continuing  this  project  is  low. 


FeK 


Figure  10.  Elemental  analysis  of  sample  A  taken  with  electroscan  model  2020  ESEM. 


Fe 


Figure  11.  Elemental  analysis  of  sample  B  taken  with  electroscan  model  2020  ESEM. 
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Figure  12.  Elemental  analysis  of  sample  C  taken  with  electroscan  model  2020  ESEM. 


An  attempt  was  made  to  quantify  the  elemental  compositions  in  the  samples  using  the  area 
function  on  the  ED  AX  collector.  The  measured  elemental  concentrations  of  Ba,  Zn,  and  Fe  for 
sample  A  are  shown  in  table  3.  The  measured  molar  concentration  is  based  on  raw  materials 
weighed  (table  1),  and  ED  AX  I  is  the  measurement  based  on  peak  area  from  the  EDAX.  The 
author  does  not  know  why  Zn  is  so  low  in  the  EDAX,  but  this  could  be  evidence  of  not  achieving 
the  Curie  particles  desired.  Lack  of  Zn  would  also  explain  the  poor  magnetometer  performance 
observed  in  figure  1 . 


Table  3.  Ratios  of  ion  concentrations  for  Ba  and  Zn  compared  to  Fe  (sample  A  not 
normalized). 


Atomic 

Symbol 

Chemical 

Formula 

Weight 

(g) 

Measured 

Mass 

(g) 

Variation 

(%) 

EDAX 

Integration 

(area) 

Variation 

(%) 

Ba 

0.17 

0.24 

-0.43 

0.25 

-0.48 

Fe 

1.00 

1.00 

0 

1 

0 

Zn 

0.17 

0.32 

-0.94 

0.06 

0.64 
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3.  Conclusions 


Using  the  materials  analysis  techniques  discussed  previously,  major  problems  and  solutions  with 
the  solution-gelation  method  for  synthesizing  Zn2Y  have  been  identified.  Material  performance 
as  an  induction  heating  susceptor  is  affected  by  two  major  components — the  elemental 
composition  and  the  particle  specifics  of  the  material.  The  elemental  composition  can  be 
affected  by  the  precision  of  the  composition  measurements  and  the  water  content  in  the  starting 
materials.  The  specifics  of  the  material  are  the  average  size,  shape  (spherical  vs.  planar,  etc.), 
and  roughness.  Also  affecting  the  perfonnance  is  the  particle  concentration  when  mixed  into  the 
media.  ESEM  data  shows  that  eliminating  the  break  in  the  final  heating  process  significantly 
reduces  the  size  of  the  particles.  The  ED  AX  data  shows  that  something  must  be  wrong  with  the 
starting  materials  because  ion  concentrations  don’t  agree  with  each  other.  This  was  confirmed 
when  the  starting  materials  were  tested  using  x-ray  diffraction,  and  problems  were  found  with 
most  of  the  starting  materials.  The  VSM  data  shows  that  the  material  doesn’t  perfonn  ideally. 
But  its  magnetization  vs.  temperature  curve  is  characteristic  of  the  material.  The  x-ray  spectrum 
shows  that  the  ion  concentrations  are  not  correct  because  the  peak  intensities  don’t  match  with 
the  intensity  pattern  of  Zn2Y-type  material. 
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